Abstract. We propose a wide field-of-view optical receiver design based on a fisheye lens and an off-axis catadioptric structure for free-space optical communications. The design utilizes a novel fisheye lens group to compress a wide field angle into a narrow field angle and produce the appropriately collimated light that can effectively be coupled into the following aperture of a catadioptric telescope. An off-axis catadioptric telescope with aspheric surface mirrors is designed to compress the incident beam spot size, compensate for the high order optical aberrations and eliminate light loss due to an obstruction. The parallel exit rays are reflected on a double-level tracking mechanism by feeding the position signal from a quadrant detector to correct the pointing error and optimize the coupling efficiency into an optical fiber. The final wide field-of-view optical receiver design is presented along with the evaluation of optical performance results and tracking characteristics. The proposed optical receiver not only can provide a 60-deg wide field-of-view to expand the tracking range, but also mitigates optical aberrations to improve the tracking accuracy for free space optical communication systems in a turbulent atmosphere.
Introduction
An optical receiver is a key element in a long-haul free space optical (FSO) communication system. It combines the advantages of the high transmission capacity enabled by optical transmission device technologies and the inherent flexibility of wireless communication systems. 1, 2 Because of the small beam divergence and the ultra long distance, optical links are strongly affected by atmospheric turbulence. Hence, acquisition, tracking, and pointing (ATP) mechanisms should be incorporated into optical receiver of such an FSO system. 3 However, the narrow field of view (FOV) and optical aberrations of the optical receiver increase the size of the tracking mechanism and degrade the tracking performance of the FSO communication systems. Therefore, it is necessary to analyze and investigate a wide FOV optical receiver in order to improve the performance of FSO communications in atmospheric turbulence. 4, 5 Several types of telescopes have been utilized at the frontend of optical receivers for FSO communications. In practice, the refractors, such as Galileo telescopes 6 composed of convex and concave lenses, are used for laser-beam expansion and reduction in an optical receiver. However, it is difficult to suppress the reflection at each lens surface. 7 Although, the Cassegrain reflector 8 has been widely employed in optical receivers, the coma aberration and astigmatism of mirrors are the factors that limit the optical system performance. Catadioptrics 9 such as Schmidt-Cassegrain telescopes are the most popular types of telescopes that eliminate the spherical aberration and compensate for high-order aberrations, such as coma and astigmatism. However, it also has a slight light loss due to the secondary mirror obstruction as compared to refractors. Takahashi and Arimoto 7 developed a compact optical receiver using off-axis free-form surface triple mirrors to eliminate the obstruction for a high speed laser communication system. Therefore, the catadioptric telescope with an off-axis aspheric surface mirror set is the optimal optical receiver configuration to mitigate optical aberrations in FSO communications.
However, the narrow FOV of the optical receiver is an inherent characteristic that makes it difficult to maintain the line-of-sight (LOS) links for FSO communications. The ATP system, consisting of a coarse-pointing, fine-pointing and point-ahead system, has already been incorporated into a satellite terminal 10, 11 to compensate for the LOS error and dynamic disturbance. A complex coarse-pointing system increases weight and volume of the optical receiver and reduces the tracking efficiency. Carhart et al. 12 presented a compact bidirectional adaptive optical receiver with a wide angle tracking and adaptive compensation to improve the concentration of laser beam energy and reduce signal fading.
Weyrauch et al. 13 presented the design and evaluation of a compact adaptive optical receiver that utilized fiber-tip positioning systems and piezoelectric bimorph adaptive mirrors for beam steering and low-order wavefront control. In order to observe a large FOV and acquire a wide spatial acquisition range, Davis et al.
14 built a correction procedure from a wide FOV lens imaging model 15 to a pinhole imaging model 16 and used a fisheye lens 17 in a coarse-pointing system. In addition, multiple-aperture imaging systems, 18, 19 beam-divergence changing mechanisms 20 and an optical phased array receiver 21 have been investigated to improve the optical receiver 22 field-of-view for FSO communications. In fact, a wide FOV optical receiver that eliminates the large gimbal-based structures and mitigates optical aberrations is in significant demand for FSO communications. However, as a receiver or an antenna, the effective aperture integrated over the angular FOV is essentially the optical wavelength squared, 23 A R Ω R ≈ λ 2 . Consequently, there is an inescapable inverse trade-off that enhancing the receiver angular FOV will inevitably bring a penalty due to the reduced receiving aperture. Thus, a wide FOV optical receiver design should take into account the optical loss due to the reduced effective aperture, so that the reduced receiving optical power can still be sufficient to meet the requirements of the receiver sensitivity at a given data rate and a link margin under a certain atmospheric turbulence condition.
In this paper, we investigate an off-axis catadioptric fisheye wide FOVoptical receiver for FSO communications. The optical receiver consists of a fisheye lens group and a catadioptric telescope with off-axis aspheric surface mirrors. The optical device elements are numerically analyzed and optimally designed so the receiver structure makes a positive contribution in enlarging the FOV and reducing the optical aberrations. In order to correct the incident beam translation and compensate for the beam wandering or beam-jittering effects, a double-level tracking mechanism is incorporated into the optical receiver. Its purpose is to provide a 60-deg wide FOV to expand the tracking range, and mitigate optical aberrations to improve the tracking accuracy for FSO communication systems in a turbulent atmosphere.
Design of Wide-Field Optical Receiver
Several types of telescopes, such as refractors, reflectors, and catadioptrics telescopes, have been used for FSO communications. In practice, catadioptric telescopes, composed of compensating lenses and mirrors, combine the optical advantages of both refractive and reflective telescopes while eliminating the disadvantages of one another. However, they also experience a slight light loss due to the secondary mirror obstruction when compared to refractors. Therefore, we abandon the on-axis structure and devise an off-axis catadioptric optical receiver instead. In order to construct a wide-field optical receiver with less wavefront deterioration and no obscuration, we develop a catadioptric optical receiver based on a fisheye lens and off-axis aspheric surface mirrors.
Wide Field-of-View Fisheye Lens
In order to widen the optical receiver FOV, a novel fisheye lens is being investigated and developed to compress the wide receiver FOV into an off-axis catadioptric telescope. The combination of fisheye lens and an off-axis catadioptric telescope can provide both a large FOV and low optical aberrations as needed for free-space optical communications.
Indeed, a classical fisheye system 17 consists of a negative front lens group used to compress the FOV, an aperture stop and a positive rear lens group as the focusing part. In the novel design of the fisheye telescope, we only use the negative front lens group to compress a 60-deg FOVof the optical system to a 6-deg FOV of the catadioptric telescope. Moreover, the off-axis telescope realizes the aperture stop and "focusing function." Therefore, the compact optical receiver is called a fisheye telescope.
In order to achieve the wide FOV and the seamless coupling with the catadioptric telescope, the fisheye lens is designed to meet the two main performance requirements: a high field compression factor and a low effective lens power, which can build an afocal optical system to produce the collimated paraxial rays. The negative group composed of two low-power meniscus lenses completes the "Field compression function." These elements are required to refract the light rays from an entire hemisphere (or more) into an aperture stop, by reducing the paraxial angle of incident light at each meniscus lens, as illustrated in Fig. 1 . The first surface of each lens has a relatively large radius of curvature convex shape and a smaller radius of curvature concave rear surface so that the lens thickness e is small at the center and increasingly larger at the edges. The different radius R 1 and R 2 of the field lens is established in order to obtain the required compressed field and to verify the wanted image quality of the optical system. The field lens group compresses the optical system FOV FOV 1 to the FOV 2 of the catadioptric telescope. Using the notation of Fig. 1 , we obtain the following relations that link the parameters of the fisheye lens to the desired compressed field:
where R 1i denotes the radius of curvature of the object-side surface of the ith negative meniscus lens element, R 2i denotes the radius of curvature of the image-side surface of the ith negative meniscus lens element, n is the lens index of refraction, e i is the lens thickness satisfying the relation e i > ϕ i ∕10 for optomechanical reasons, 24 where ϕ i is the lens diameter. The optical layout of the fisheye lens is shown in Fig. 2 . The field compression factors C i and C can be defined as:
where FOV 1 is the FOV of the optical receiver, FOV 2 is the FOVof the catadioptric telescope. M is the number of negative meniscus lens for field compression (M ¼ 3 in our case). The fisheye lenses compress a 60-deg FOV to a 6-deg FOV. The field compression factor is thus equal to C ¼ 10. Moreover, the two negative meniscus lenses 25 satisfy the following conditions:
where SC i is the shaping coefficient of the ith negative meniscus lens element. By Eqs. (1)- (7), we obtain the optical parameters (R 1i , R 2i , and e i ) of the three negative meniscus lenses (L1, L2, and L3).
In addition, a positive cemented doublet (L4, L5) compensates for the optical aberrations and optimizes the phase correction. Especially, the radiuses of curvature of the cemented doublet (L4, L5) are optimized to achieve a low effective fisheye lens power and produce appropriately collimated light. The power of the single lens Φ i is given by
The total power of the fisheye lens group Φ total can be defined as
Φ total ¼ Φ 1; : : : i : : : ;n → 0; (10) where d i;iþ1 denotes the distance between the rear surface of the i'th lens and the front surface of the (i þ 1)th lens. In order to generate the collimated light output, the total power should approach zero. The optical parameters of the doublet (L4 and L5) can be obtained by Eqs. (8)- (10). Thus, the fisheye lens design could compress the wide FOV and produce appropriately collimated light that can be effectively coupled into the following aperture of the telescope.
Off-Axis Aspheric Surface Catadioptric Telescope
As mentioned before, the fisheye lens has been developed to widen the optical receiver FOV. The combination of reflectors can reduce the optical power loss and image quality degradation due to ghosts or a flare as a result of the accumulative reflections for many surfaces of lenses. 7 Moreover, the off-axis aspheric surface mirrors configuration is suitable for the propagation of wide-field-of-view light rays, as it reduces the limitation of an on-axis lens aperture in a wide FOV and eliminates light loss due to the secondary mirror obstruction. The reflecting mirrors can fold the optics into a compact size and reduce the optical system volume. Furthermore, the combination of reflectors and refractive lenses can construct catadioptric optics that could be efficient for aberrations compensation, such as axial coma aberration and axial field curvature caused by the tilt and displacement. Thus, the optical receiver could overcome the inherent drawback limiting the accuracy and bandwidth performance of tracking mechanisms that maintain the LOS condition between the transceivers.
The off-axis aspheric surface catadioptric telescope design is created from a standard Gregorian system. The fundamental placement is a refractive compensating plane plus a primary concave and a secondary convex aspheric surface mirror. The optical layout of an off-axis aspheric surface catadioptric telescope is shown in Fig. 3 . With this configuration, a primary image is formed whose spherical and comatic aberrations are almost corrected, and a bundle of parallel rays is produced by using an eyepiece placed after the primary image. The aspheric lens has a higher aberration-correcting ability and a better imaging quality than a spherical one. In this design, the aspheric lens means the lens shape is denoted by the following even aspheric equation
where r is the horizontal distance from the aspheric axis and z is the location of the aspheric axis direction. Parameter k is the cone constant and c is the shape coefficient denoting the index curvature radius of the aspheric surface. Parameters a 1 , a 2 , a 3 , a 4 , and a 5 are the aspheric coefficients of the aspheric term. We set the paraxial effective focal length of the primary mirror M1 and the secondary mirror M2 at f e ¼ 1237 mm, the back focal length at f b ¼ 653 mm. The conic constant of the primary mirror M1 and the secondary mirror M2 are −1.032 and −0.487, respectively. The shape coefficient of the secondary mirror M2 is 23.564. The F-number is F∕15 and the FOV of the telescope is approximately 6 deg. Moreover, asymmetrical aberrations such as axial comatic aberration and axial field curvature can be corrected by the aspheric surface mirror M3. In addition, the off-axis aspheric surface catadioptric telescope eliminates the light loss due to the secondary mirror obscuration. Estimated by the relations given in Sec. 2, this kind of optical telescope can be subject to much lower optical aberrations and can have a larger FOV for FSO communications.
Combination Design with Tracking Mechanism
Combining the off-axis aspheric catadioptric telescope with the fisheye lens group, as mentioned above, a novel optical receiver of fisheye telescope can be configured to mitigate the optical aberration and enhance the FOV. In order to achieve the optimal optical performance, several factors should be taken into account for the effective configuration. Obviously, the exit angle of the fisheye lens should match the telescope FOV. Moreover, the fisheye lens exit pupil should match the telescope entrance pupil, and the fisheye lens aperture and telescope stops should match. The actual imaging device of the fisheye telescope is the telescope mirror set. The fisheye lens does not project an image but increases the FOV. However, the divergent property of the fisheye lens has to be taken into account for the proportionality of the telescope. In fact, the telescope part can be regarded as the focusing part of a fisheye lens system. Similarly, the fisheye lens can be taken as the refractive corrector part of a catadioptric telescope.
Even though the wide field angle of the incident light rays can be compressed into a narrow field angle by the fisheye lens, the spot at the image plane actually translates as a function of the field angle through the optical system. That is because the mapping model, such as the polynomial series model, 14 constraints the relationship between the projection distance and the incidence angle for a wide FOV optical system. As the field angle of the fisheye lens grows, the incident angle on the fiber interface will exceed the numerical aperture or the spot projection distance on the fiber will go beyond the mode field diameter. This leads to a severe coupling loss in the optical receiver. In addition, the beam wandering and beam jittering due to atmospheric turbulence can also give rise to angle of arrival fluctuations and coupling loss on the fiber interface. In order to correct the spot translation and compensate for the atmospheric turbulence-induced beam-jittering effect, a double-level tracking mechanism is incorporated into the optical receiver.
We designed a compact wide FOV optical receiver for FSO communication links, the optical schematic is shown in Fig. 4 . The large FOV incident rays are bent through the meniscus fisheye lens into the aperture stop to produce collimated paraxial rays. The small field angle rays, reflected off the primary and secondary concave mirrors, produce the primary image where spherical and comatic aberrations are almost corrected. A bundle of parallel rays is produced by using an eyepiece lens placed after the primary image. In order to correct the translation of incident light and compensate for the atmospheric turbulence effect, a double-level tracking mechanism is incorporated into the optical receiver. The first-level pointing mirror, located in front of the primary image point, reflects the skew light onto the center of the eyepiece and collimates the wide field angle rays into the fiber core center, which can improve coupling efficiency and expand the tracking range of the optical receiver. The second-level tracking mirror, located at the exit pupil of the telescope, reflects the parallel rays onto a beamsplitter for fine tracking, which can compensate for beam jittering and improve the tracking accuracy of the optical receiver. The beamsplitter diverges the collimated incident beam to a quadrant detector (QD) for fine tracking, and reflects the beam onto the fiber core for communications. By feeding the positioning signal from the QD back to the tracking mirror, wide FOV accurate tracking is achieved to couple the received light directly with the fiber in optical receiver.
Evaluation of Wide-Field Optical Receiver

Optical Performance of Wide Field Optical Receiver
We have designed a 60-deg wide field-of-view optical receiver based on the fisheye telescope. Various tracking mirror angles are entered in a multi-configuration system in Zemax to simulate the full FOV. The designed optical system performance over the entire FOV is optimized in the multiconfiguration mode. The optical lens specifications of the completed fisheye telescope are shown in Table 1 , and the optical properties are summarized in Table 2 . The optical system performance was evaluated by simulating the optical properties of the fisheye telescope with a gradual increase in the field angle. The optical performance is obtained at the full field angle of 60 deg. under the design conditions.
The modulation transfer function (MTF) of the wide-field optical receiver throughout the entire FOV is shown in Fig. 5 . The fisheye telescope has an MTF value of 10% at the spatial frequency of 15 cy∕mm in the full field of 60 deg. Both the sagittal and tangential MTF values at a zero-deg field angle are near to 20% at the spatial frequency of 20 cy∕mm. For every field, the MTF value is over 10% at spatial frequency of 10 cy∕mm. According to the MTF values over the entire FOV, we can calculate the amount of the optical energy at the receiver entrance pupil that is transferred into the fiber propagation mode for different field angles. That is because the coupling efficiency 28 of an optical system to a fiber can be related to an apodized scaled ratio or Strehl ratio for the center system. Furthermore, the Strehl ratio also corresponds to the ratio of the volume under the real value of the system transfer function divided by the volume under the real value of the diffraction-limited transfer function. Therefore, the coupling efficiency of the optical receiver can be computed by the ratio of the volume under the system MTF curve and the volume under the diffraction-limited MTF curve. For the total optical loss of the wide FOVoptical receiver, we should also take into account the transmission loss through optical elements and separation loss of a beamsplitter. The calculated coupling efficiency values of the optical receiver to a fiber obtained from the evaluation of MTF values are shown in Table 3 . The average coupling loss of the optical receiver into a fiber due to the degraded MTF value at the field angle of 0 deg and 30 deg are −1.01 and −4.2 dB, respectively. The off-axis coupling efficiency decrease can be further mitigated by a tracking system to adjust the spot to an optimum position on the fiber entrance facet. The optical path difference (OPD) wave front plot for the wide-field optical receiver of the fisheye telescope is shown in Fig. 6 . As the field angle increases, the OPD increases from a negative value to a positive value and touches the bottom of 1.5λ at a field angle of 20 deg, then it reaches the peak of 4λ through the FOV of 60 deg for the full aperture size.
In addition, the OPD of tangential fan is larger than that of sagittal fan, so that the OPD distribution loses the symmetry over a larger FOV.
The RMS wavefront error as a function of field angle for the wide-field optical receiver is illustrated in Fig. 7 . The axial RMS wavefront error is 0.5λ while the full FOV wavefront error is 2.5λ. The wavefront error falls down slowly to the bottom at one-third of the full field angle, and then increases greatly as the field angle increases to 60 deg. In the simulations, the influence of the fisheye lens was taken into account. The fisheye lens will compensate for the wavefront error for a large field angle, as the telescope mirrors amplify the wavefront error.
Field curvature and distortion for the wide-field optical receiver is shown in Fig. 8 . The tangential field curvature is less than 5.5 mm and the sagittal field curvature is less than 2.0 mm over the full FOV. The curved FOV is typical for telescopes and can be corrected by additional optics of a refractive compensating lens. The percentage distortion is less than 6% over the FOV, and an enormous amount of barrel distortion will produce a large imaging FOV. Relative illumination of the wide-field optical receiver of fisheye telescope is shown in Fig. 9 . The relative illumination is about 80% in the full field angle. It indicates that the fisheye telescope has an un-vignetted FOV of 60 deg.
Tracking Characteristics of Wide Field Optical Receiver
We present the evaluation of static tracking characteristics for the experimental optical receiver system with a tracking mechanism. Figure 10 shows the actual photograph of the measurement setup for evaluating tracking characteristics of the optical receiver system. The evaluation system consists of the following elements: a laser light at 632.8 nm generated by a He-Ne laser source and expanded by a laser expander, the parallel light folded by a mirror to generate different FOV luminous flux incident at the entrance pupil of the optical receiver. We then measure the tracking characteristics by detecting the rotation angle of the steering mirror at different field angles of the incident light. In order to obtain the optimum position of the steering mirror for improvement of tracking efficiency, the tracking characteristics of the steering mirror located at different positions were analyzed. The relationship between the incident angle of a laser beam and the rotation angle of a steering mirror located in different positions (the distance from the exit plane of an eyepiece lens: S ¼ 25, 27, 29, 31, and 33 mm) is shown in Fig. 11 . There is no significant difference in the rotation angle displacement of the steering mirror at different positions for the small field angle. However, the difference is distinct at the wide field angle of incident light, and the rotation angle displacement of the steering mirror reduces gradually with a decrease in the distance between the steering mirror and the eyepiece lens. For instance, under the condition of the 60-degree full FOV, the angle displacement of the steering mirror is 8.9, 7.1, 8.3, 10.9, and 11.8 deg as the steering mirror position equals 25, 27, 29, 31 , and 32 mm, respectively. The results reveal that in order to achieve the optimum tracking efficiency with the minimum rotation angle the steering mirror has the optimum position located in the range from the focal plane (S ¼ 25 mm) of the eyepiece lens to the exit pupil (S ¼ 29 mm) of the telescope. As shown in Fig. 11 , the effective motion improved the overall field of the optical receiver.
Link Analysis of Wide FOV Optical Receiver for FSO Communications
Optical aberrations and tracking characteristics of the fisheye optical receiver were evaluated throughout a 60-deg wide FOV to mitigate the coupling loss to an optical fiber. However, measures taken to increase the FOV will be accompanied by a reduction in the effective collective area because of the optical invariant. The effective entrance pupil diameter of the fisheye optical receiver at a 60-deg full field angle is actually 12 mm, which is smaller than the on-axis receiver aperture diameter. To determine whether the available received optical power at a 60-deg wide field angle is sufficient to achieve the required optical power at a given data rate, the link margin of the wide FOV optical receiver is calculated for FSO communications through atmospheric channels. Table 4 shows an overall calculation of the optical receiver performance at a 60-deg field angle. The link analysis is performed for a 1.55-μm transmitter laser operating at an optical power of 70 mW and a beam divergence of 0.32 mrad. There is also a 1-km clear air link range at a data rate of 1.25 Gbit∕s, a fisheye optical receiver with a Fig. 11 The relationship between rotation angle of steering mirror and incident angle of laser beam for different distances from steering mirror to exit pupil: S ¼ 25; 27; 29; 31, and 33 mm. 12-mm entrance pupil diameter and a 60-deg FOV, a receiver sensitivity Nb ¼ 1568 photons∕bit and a receiver required power of −36 dBm. 29 The transmitter optical loss, fibercoupling efficiency and receiver system loss (including transmission loss to optical elements and separation loss of a beamsplitter) are −3.01, −4.20, and −1.42 dB, respectively. An atmospheric turbulence margin of 11.03 dB is used to compensate for turbulence loss, such as scintillations. Under the above conditions, the Table 4 shows that the received optical power is −29.79 dBm compared to the receiver-required power of −36 dBm, and the optical receiver link margin is 6.21 dB at a 1-km clear air link range. In addition, the link margin will reduce to 0 dB, as the link distance increases to 2 km. The wide FOV optical receiver with a limited aperture size is necessary to achieve the required optical power at a given data rate for the above atmospheric conditions. Further improvements on the effective aperture diameter and coupling efficiency will be helpful to enhance the FSO communications performance.
Conclusions
In conclusion, an off-axis catadioptric fisheye wide field-ofview optical receiver design was proposed and proven feasible for FSO communications. The design uses a fisheye lens front group to compress the wide FOV and produce collimated light coupled into the entrance pupil of an off-axis catadioptric telescope. The aspheric surface mirrors of the telescope are designed to compress the spot size and compensate for the high-order optical aberrations. In addition, a double-level tracking mechanism consisting of a firstlevel pointing mirror and a second-level tracking mirror was incorporated into the optical receiver to improve the tracking efficiency. Moreover, the optical performance and tracking characteristics of the developed wide FOV optical receiver were evaluated. The proposed optical receiver provides a 60-deg wide field-of-view to expand the tracking range, and it mitigates the optical aberrations to improve tracking accuracy for FSO communication systems in a turbulent atmosphere. The favorable results provided the framework for construction of a prototype wide field optical receiver. Any further research on the effective aperture diameter and coupling efficiency for the wide FOV optical receiver will be helpful to enhance FSO communications performance.
